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A  low-energy-electron-diffraction  intensity  analysis  of  a  clean  and  annealed  j  1 10}  surface  of 
NijAf  reveals  that  the  first  layer  is  50%  Ni— 50%  A1  and  that  the  second  layer  is  10Q%  Ni.  In  the 
first  layer,  the  Ni  ancfAl  subplanes  are  slightly  separated  from  one  another  by  0.02^0.03  ~A,  the  A1 
atoms  being  outwards  from  the  bulk.  The  first  interlayer  distance,  as  measured  from  the  Ni  sub¬ 
plane,  is  contracted  by  0. 1 5f+0.O3  X  (11.9%  of  the  bulk  value,  1.26  J).  The  second  interlayer  dis¬ 
tance  is  expanded  by  0.04(±0.03  A  (3%  of  the  bulk  value).  The  r-factor  values  for  normal  (0J4)  and 


oblique  (0.13)  incidence  indicate  a  very  good  fit  of  theory  to  experiment. 


I.  INTRODUCTION 

In  two  articles  we  have  reported  on  the  atomic  structure 
of  1 001)  [paper  I  (Ref.  U]  and  Jill)  [preceding  article, 
paper  II  (Ref.  2)]  surfaces  of  Ni3Al  as  determined  by 
analysis  of  low-energy  electron  diffraction  (LEED)  inten¬ 
sities.  The  mean  relaxations  found  on  these  surfaces  are 
similar  to  those  found  on  j  00 1 )  and  (111)  surfaces  of 
face-centered-cubic  metals2  (typically  2%  or  3%  contrac¬ 
tion  to  1%  expansion  of  the  first  interlayer  spacing),  but 
the  most  noteworthy  new  feature  of  the  alloy  surfaces  is 
buckling,  i.e.,  different  relaxations  of  the  different  alloy 
partners.  On  Ni3Al[ 001 )  the  Ni  and  A1  subplanes  in  the 
first  atomic  layer  separate  by  only  0.02 ±0.03  A,  and  on 
Ni3Al(  111)  by  0.06±0.03  A,  but  on  NiAlfllO)  they 
separate  by  0.22  A  (see  Davis  and  Noonan3).  We  show 
that  in  Ni3Alj  110)  the  mean  relaxation  also  corresponds 
to  the  observed  values  for  the  [  1 10 }  surface  of  pure  met¬ 
als,  but  the  buckling  is  surprisingly  small  in  view  of  the 
Ni A1 J 1 10 }  result.  Trends,  both  in  the  mean  relaxation 
and  in  the  buckling,  cannot  yet  be  recognized  because  the 
available  experimental  data  are  scarce  (see  references  in 
paper  II).  The  present  paper  increases  the  data  base  for 
identifying  such  trends  by  reporting  on  the  structure  of 
another  surface  of  Ni3Al,  the  j  1 10)  surface. 

Figure  1  shows  a  schematic  view  of  the  bulk  unit  cell  of 
Ni3Al  (an  ordered  alloy  with  the  Cu3Au  structure)  with  a 
)  1 10)  plane  highlighted.  It  is  apparent  that  there  are  two 
possible  (110)  terminations,  one  with  a  unit  mesh  con¬ 
taining  one  A1  and  one  Ni  atom  in  the  first  layer  and  two 
Ni  atoms  in  the  second  layer  (mixed-layer  termination, 
bottom  left  in  Fig.  1),  the  other  with  the  reverse  order,  i.e., 
a  unit  mesh  containing  two  Ni  atoms  in  the  first,  and  one 
A1  and  one  Ni  in  the  second  layer  (Ni-layer  termination, 
bottom  right  in  Fig.  1).  This  question  of  terminations  is 
similar  to  that  encountered  in  the  (001)  direction,  where 
two  terminations  are  also  possible,  although  both  size  and 
symmetry  of  the  unit  mesh  on  J 001 )  and  (110)  are  of 
course  different.  The  LEED  analysis  reported  in  paper  I 
shows  that  on  (001 )  surfaces  the  stable  termination  is  the 
mixed-layer  plane.  The  LEED  analysis  described  below 


shows  that  on  (110)  surfaces  the  same  conclusion  holds 
true.  We  present  in  Sec.  II  some  experimental  details,  in 
Sec.  Ill  the  analysis,  and  in  Sec.  IV  the  conclusions. 

II.  EXPERIMENT 

The  source  of  the  (110)  sample  used  in  this  study  was 
the  same  ingot  that  provided  the  (001)  and  the  (111) 
sample.  Surface  preparation  and  cleaning  were  similar  to 
those  done  for  (001).  Argon-ion  bombardments  of  1 
hr/cycle  were  followed  by  950  °C  anneals  of  1  hr/cycle; 
before  collection  of  LEED  intensity  data  anneals  were 
done  at  700  °C  and  followed  by  slow  cooling.  Ten  cycles 
were  done  before  collection  of  the  data  used  in  the 
analysis. 

Chemical  composition  and  relative  stability  of  the  sur¬ 
face  were  monitored  with  Auger-electron  spectroscopy 
(AES),  particularly  after  argon-ion  bombardments.  Fig¬ 
ure  2  shows  the  ratio  RA  =/(Al68cV)//(Ni6l  eV)  between 
the  intensities  of  the  (doubly  differentiated)  AES  lines  of 
A1  at  68  eV  and  Ni  at  61  eV  (for  a  precise  definition  of 
RA  see  paper  I,  footnote  2)  as  a  function  of  annealing 
temperature  (10-min  annealing  time  at  each  temperature). 
As  is  also  found  on  the  (001)  and  fill)  surfaces,  im¬ 
mediately  after  ion  bombardment  the  surface  is  always  Ni 
rich,  indicating  that  A1  is  preferentially  sputtered.  Upon 
heating,  A1  diffuses  onto  the  surface  until  a  relatively 
stable  composition  is  reached  (plateau  in  Fig.  2).  Further 
heating  reactivates  the  A1  enrichment  of  the  surface  but 
slow  cooling  to  room  temperature  reestablishes  approxi¬ 
mately  the  stable  composition.  The  intensity  data  used  in 
the  LEED  analysis  were  collected  from  a  surface  with  this 
stable  composition.  Since  the  results  of  this  analysis,  to  be 
presented  below,  indicate  that  the  top  layer  has  50% 
Al— 50%  Ni  composition,  it  is  surprising  to  find  that  RA 
is  smaller  on  the  (110)  surface  ( — 0.71 )  than  on  the 
(001)  surface  ( — 0.95).  A  possible  explanation  for  this 
fact  is  that  since  the  interlayer  spacing  along  (110)  is 
smaller  (by  about  30%)  than  that  along  (001  >  more 
layers  are  probed  by  AES  and  hence  RA  is  closer  to  the 
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O  Ni  2nd  Layer  0  Al  2nd  Layer 

FIG.  1.  Schematic  unit  cell  of  the  Ni3Al  structure  with  {110} 
plane  emphasized.  Top  views  of  possible  { 1 10}  terminations  are 
shown  on  bottom  left  (mixed  layer)  and  bottom  right  (Ni  layer). 


TEMPERATURE  (°C) 


FIG.  2.  Effect  of  (10-min)  anneals  at  the  temperature  given 
on  the  abscissa  axis  upon  the  ratio  RA  of  intensities  of  AES 
lines  of  Al  at  68  eV  and  Ni  at  61  eV. 


TABLE  I.  Beam  indices,  r  (reliability)  factors,  and  energy 
ranges  for  Ni3Al(  110)  at  normal  incidence.  V0=  12  eV. 


Beam 

r  factor 

AE 

10 

0.1918 

168 

10 

0.1976 

167 

01 

0.1338 

154 

0T 

0.1568 

159 

11 

0.1233 

164 

Tl 

0.1199 

159 

20 

0.2128 

111 

20 

0.1567 

111 

02 

0.1295 

156 

02 

0.1292 

154 

22 

0.1300 

94 

22 

0.1326 

94 

12 

0.0472 

145 

12 

0.0561 

145 

T2 

0.0594 

146 

12 

0.0641 

145 

21 

0.1047 

89 

21 

0.1030 

89 

03 

0.2256 

94 

03 

0.2542 

94 

13 

0.0955 

55 

13 

0.2091 

89 

T3 

0.2282 

89 

t3 

0.2004 

89 

Mean  0.1409 

2958 

TABLE  II.  Beam  indices,  r  (reliability)  factors,  and  energy 
ranges  for  Ni3Al|  110)  at  0=  15’,  <*=90°.  K0=13eV. 

Beam 

r  factor 

A  E 

00 

0.2617 

172 

10 

0.0598 

160 

TO 

0.0832 

167 

01 

0.4092 

105 

0T 

0.1037 

165 

TT 

0.0802 

155 

IT 

0.1008 

162 

20 

0.1319 

53 

20 

0.1976 

54 

02 

0.0871 

92 

22 

0.1078 

94 

22 

0.1140 

105 

12 

0.1156 

155 

12 

0.0862 

135 

2T 

0.1936 

115 

21 

0.1241 

95 

13 

0.0625 

135 

23 

0.0435 

70 

Mean  0.1280 

2189 
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FIG.  3.  Examples  of  very  good  fit  of  theory  to  experiment. 
The  numbers  above  the  experimental  curves  are  r-factor  values. 
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FIG.  5.  Examples  of  poor  fit  of  theory  to  experiment.  The 
numbers  above  the  experimental  curves  are  r-factor  values. 
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FIG.  4.  Examples  of  good  to  mediocre  fit  of  theory  to  experi¬ 
ment.  The  numbers  above  the  experimental  curves  are  r-factor 
values. 


bulk  value  in  the  former  than  in  the  latter  case  (for  the 
fill]  termination,  which  has  the  bulk  composition  in  all 
layers,  RA  is  0.70). 

The  LEED  experiment  on  the  stable  [110}  surface  re¬ 
vealed  patterns  with  sharp  diffraction  spots  and  low  back¬ 
ground.  Intensity  data  were  collected  with  the  television- 
camera-microcomputer  system  described  elsewhere4  in  the 
energy  range  30—210  eV.  The  data  were  normalized  and 
corrected  for  contact-potential  difference  and  background. 
Two  data  sets  were  used  in  the  analysis  described  below: 
one  at  normal  incidence  (0=0*),  including  24  (10  nonde¬ 
generate)  LEED  spectra,  the  other  at  0=15',  0=90*,  in¬ 
cluding  18  (12  nondegenerate)  spectra.  Indexing  of  the 
spectra  was  done  according  to  the  convention  that,  in 
direct  space,  assigns  the  x  direction  to  the  shorter  intera¬ 
tomic  distance  (i.e.,  along  ( 110))  on  a  f  1 10)  plane. 
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FIG.  6.  Schematic  side  view  of  the  structure  of  NijAl  j  110). 
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III.  ANALYSIS 

The  intensity  calculations  were  done  with  the  CHANGE 
program5  [6  phase  shifts,  79  beams,  initial  value  of  inner 
potential  K0  =  —(10+3.5/)].  The  first  stage  of  the 
analysis  was  limited  to  the  normal-incidence  set.  Calcula¬ 
tions  made  for  both  types  of  possible  terminations  showed 
(both  by  visual  and  r-factor6  comparisons  with  experi¬ 
ment)  that  the  mixed  layer  is  first  and  the  all-Ni  layer 
second.  In  the  refinement,  the  relaxation  was  investigated 
by  making  calculations  for  several  values  of  the  first  inter¬ 
layer  spacing  dn  (bulk  value  1.259  A):  expansions  and 
contractions  up  to  0.15  A  in  steps  of  0.05  A  were  con¬ 
sidered.  Best  fit  to  experiment  was  achieved  for  a  con¬ 
traction  of  0.13  A.  Next,  buckling  of  the  top  layer  w as 
tested  by  allowing  the  Ni  subplane  to  be  0.05  or  0.1  A 
below  or  above  the  A1  subplane,  and  simultaneously  vary- 
*)g  the  spacing  between  the  (buckled)  first  and  the  (pla- 
^TJiar)  second  layer.  Under  these  conditions,  the  global 
l-i&inimum  in  r  factor  was  found  for  Ad)2  =  — 0.135  A 
,-wfe?re  dx  2  >s  the  distance  between  the  A1  subplane  in  the 
Hra&layer  and  the  second  layer),  and  a  very  slight  separa¬ 
tion  between  A1  and  Ni  subplanes  in  theo  first  layer  (Ni 
being  closer  to  the  second  layer  byo0.015  A,  i.e.,  the  con¬ 
traction  of  the  Ni  subplane  is  0.15  A). 

Having  found  a  relatively  large  relaxation  of  the  first 
interlayer  spacing  (10.7%  contraction  with  respect  to  the 
bulk  value)  we  considered  it  advisable  to  investigate  the 
possible  relaxation  of  the  second  interlayer  spacing  d23). 
Keeping  the  buckled  first  layer  rigid,  and  varying  in¬ 
dependently  dn  (as  defined  above)  and  d23,  we  found  best 
agreement  with  experiment  for  Ad(2  =  — 0.135  A  (as 
above)  and  A d23  =  +0.039  A  (or  3.1%  of  bulk  value). 

With  these  parameters  we  extended  the  analysis  to  the 
non-normal-incidence  data.  Although  the  measured  an¬ 
gles  of  incidence  for  these  data  were  0=15°  and  0  =  90° 
(for  the  definitions  of  0  and  <t>  see,  e.g..  Ref.  7),  we  made 
calculations  for  0=13°  and  0  =  17°  as  well.  The  minimum 
r  factor  was  found  for  the  set  at  the  measured  values  of 
the  angles  of  incidence. 


We  present  the  final  results  of  the  analysis  in  Tables  I 
and  II  for  the  sets  at  0=0°  and  at  0=  15°,  <j>  =  90°,  respec¬ 
tively.  For  the  former,  the  mean  r  factor  is  0.14  for  a  to¬ 
tal  energy  range  AE  of  2958  eV  and  a  value  of  13  eV  for 
the  real  part  of  the  inner  potential  V0r;  for  the  latter, 
r,  =0.13  for  A£=2189  and  V0r=l2  eV.  A  visual 
evaluation  of  the  fit  of  theory  to  experiment  is  offered  by 
Figs.  3,  4,  and  5.  Figure  3  depicts  examples  of  very  good 
fit,  Fig.  4,  examples  of  good  to  mediocre  fit,  and  Fig.  5, 
examples  of  poor  fit. 

IV.  CONCLUSIONS 

Figure  6  summarizes  the  final  model  for  the  structure 
of  NijAlj  1 10 1  in  the  form  of  a  schematic  side  view.  The 
top  layer  has  50%  Ni  and  50%  A1  composition,  the  two 
subplanes  being  separated  by  0.0 15  ±0.03  A  (1.2%  of  the 
bulk  interlayer  spacing  1.259  A)  with  the  A1  subplane  far¬ 
ther  away  from  the  second  layer.  The  contraction  of  the 
distance  between  the  Ni  subplane  and  the  second  layer  is 
0. 15±0.03  A  (or  12%  of  the  bulk  value,  while  the  corre¬ 
sponding  value  for  the  A1  subplane  is  10.7%).  The  second 
layer  has  100%  Ni  composition  and  its  distance  from  the 
third  atomic  layer  is  expanded  by  0.04±0.03  A  (or  about 
3%  of  the  bulk  value).  Buckling  of  the  second  layer  and 
deeper  relaxations  have  not  been  tested.  The  mean  relaxa¬ 
tions  found  here  are  comparable  to  those  found  in  pure 
Alj  110)  of  —8.6%  or— 8.5%  for  the  first  and  5.0%  or 
5.5%  for  the  second  interlayer  spacing,8,9  and  are  sub¬ 
stantially  greater  than  those  for  the  closer-packed  (001 ) 
and  j  11 1 )  surfaces.  However,  the  buckling  is  small,  un¬ 
like  the  case  of  NiAlj  110),  where  the  buckling  is  an  11% 
effect. 
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